Attorney Docket No. 361007-000012 
ORIENTATION-INDEPENDENT THERMOSYPHON HEAT SPREADER 



BACKGROUND 

Field of the Invention 
5 This invention generally relates to the field of heat dissipation. More 

specifically, the invention relates to a thermosyphon that enhances cooling of 
electronic systems. 

Description of the Problem 

10 Cooling of electronic circuit components in thin space enclosures is 

often performed by metal plates that spread heat, referred to as heat spread- 
ers. Examples of devices where heat spreaders are used include portable 
computers, high-speed memory modules, inkjet printers, and some handheld 
devices. A heat spreader's internal thermal resistance, which is a measure 

15 of the heat removal performance of a device, increases as the spreader 
thickness decreases. Size reductions of electronic systems make thinner 
spreaders necessary. Increasing the thermal conductivity of the spreader 
can offset the resulting increased internal resistance. One way to achieve 
very high effective thermal conductivity is to use a fluid-filled cooling device 

20 that takes advantage of the heat of vaporization of the fluid by transporting 
heat from an evaporator to a condenser through the liquid-vapor phase 
change. Two known types of devices in particular employ this phase-change 
mechanism for heat transfer from electronic circuit components: thermosy- 
phons and heat pipes. 

25 Thermosyphons are fluid-filled closed loop devices, incorporating an 

interconnected evaporator and condenser. The working fluid undergoes a 
liquid to vapor phase change in the evaporator, thereby absorbing the latent 
heat of vaporization. The vapor then travels to the condenser, where the 
heat is lost to the environment and the cooled working fluid condenses to liq- 
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uid. The evaporator is typically oriented vertically with respect to the elec- 
tronic circuit component to be cooled. The performance of an entirely pas- 
sive system, where there are no moving parts, requires the condenser to be 
located vertically above the evaporator. The use of known thermosyphons is 
5 therefore limited to enclosures that can accommodate and remain fixed in 
this required orientation. 

Heat pipes are hollow sealed devices, containing a wick structure 
saturated with a working fluid. Despite their name, which came from the ge- 
ometry of the early forms of the devices, heat pipes may be any shape. In 

10 their early shape that resembles a pipe, heat is transferred from electronic 
circuit components, typically the processor chip, to the working fluid in the 
evaporator portion at one end of the heat pipe. The working fluid undergoes 
a liquid to vapor phase change in the evaporator portion, thereby absorbing 
the latent heat of vaporization. This heat is carried by the working fluid to the 

15 other end of the pipe, which is the condenser portion, and is rejected to the 
environment. The cooled working fluid vapor condenses, and urged by the 
surface tension forces that are generated by the wick structure, returns to the 
evaporator portion. 

Current known heat pipe structures include flat-plate heat pipes, 

20 where heat may be added at any location. The working fluid evaporates, 
moves to lower pressure and cooler regions of the cavity, and is cooled on 
the walls of the heat pipe where it condenses. In recently developed micro 
heat pipes, microfabricated grooves replace the wick structure and provide 
the capillary action for the return of the condensed vapor to the evaporator 

25 portion of the device. 

While heat pipes do not have the geometric orientation constraints of 
thermosyphons and are an improvement over known heat spreaders, their 
performance is limited. A significant drawback of the heat pipe comes from 
its very mechanism, that is, capillary driving of the condensate that makes 



DUR1\282886_3 



Attorney Docket No. 361007-000012 



the heat transfer performance orientation-independent. The capillary action 
in the heat pipe is based on the thinness of liquid film in the wicking structure, 
and the difference in liquid/vapor menisci in the condenser and the evapora- 
tor. If the liquid film is thick, gravity comes to influence the liquid flow, and 
5 the heat pipe performance becomes orientation-dependent. Liquid evapo- 
rates as the condensate flows toward the middle of the evaporator section in 
a flat heat pipe, or toward the end of the evaporator section in a cylindrical 
heat pipe. The circulation rate of the working fluid in the heat pipe is con- 
strained where the liquid film thickness reduces to zero due to evaporation. 

10 A part of the evaporator surface dries, and the surface temperature then in- 
creases beyond a level acceptable for the application. This so-called "capil- 
lary limit" restricts the application of heat pipes to cases of moderate chip 
heat dissipation and relatively small heat spreader areas. Larger heat 
spreader areas inherently have longer wicking structure length, and hence 

15 there is more potential for poor performance as a result of the capillary limit. 
Better thermal performance is desirable to meet the cooling requirements of 
increasingly faster electronic circuit components. 

There is a need for a device that has superior cooling performance 
while eliminating the orientation constraints of known thermosyphons. Ide- 

20 ally, the device will be generally orientation-independent, and will be compact 
in size as necessary to meet thin space enclosure requirements. 

SUMMARY 

The thermosyphon of the present invention enhances cooling of elec- 
25 tronic systems and has very high effective thermal conductivity while being 
substantially or fully unconstrained by physical orientation. It has a relatively 
thin profile as necessary to fit in tight enclosures that are increasingly com- 
mon in electronic systems. 
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The present invention meets the above objects by providing a thermo- 
syphon heat spreader for cooling an adjacent heat-dissipating component, 
such as a semiconductor chip or other electronic circuit component, referred 
to as an electronics package. The thermosyphon comprises a central evapo- 
5 rator in contact with the electronics package, a peripheral condenser, or pool 
belt, that extends around and hydraulically communicates with the evapora- 
tor, a liquid coolant that at least partially fills the evaporator and pool belt; 
and means for cooling the condenser. The central evaporator includes, in 
one embodiment, two parallel plates of generally similar dimension, with op- 

1 0 posing faces of the plates forming the interior surface of the evaporator. 

The thermosyphon may optionally have an opening in the base plate 
that is sealed against the electronics package and places the heat- 
dissipating component in direct contact with the liquid coolant. Alternatively, 
the base plate may be formed with the electronics package from a single 

1 5 piece of material. 

In further accordance with the present invention, a boiling enhance- 
ment structure is provided in the evaporator, mounted to the interior surface 
of the base plate. The boiling enhancement structure may be a plate with 
grooves that form voids, or an open-celled foam. The means for cooling the 

20 condenser may be provided by any known method or device. Such means 
include, but are not limited to, cooling fins and liquid-cooled jackets that sur- 
round the condenser. To optimize performance, gasses are purged from the 
evaporator and pool belt. 

In yet further accordance with the present invention, the thermosy- 

25 phon, in another embodiment, has a substantially full or full evaporator for 
orientations ranging from horizontal to vertical, or from 0 to 90 degrees. In a 
still further embodiment, the evaporator is substantially full or full for all ori- 
entations. 
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In a yet further embodiment, a specific geometry thermosyphon ac- 
cording to the present invention is provided. This includes parallel base and 
cover plates forming the evaporator, and generally U-shaped walls extending 
from the entire periphery of each plate. The U-shaped walls form the pool 
5 belt. One end of the "U" on each wall is connected to the respective base or 
cover plate, and the other end of the "U" mates with the corresponding end of 
the "U" on the other plate's wall, with the opening in the "U" facing the op- 
posing plate. The respective geometries of the evaporator and condenser 
may vary, and dimensions in the orientation-independent embodiment are 

10 determined by meeting the design requirement of keeping the evaporator 
substantially full or full at all orientations while leaving a void in the pool belt 
where vapor may collect. The planar limits of the evaporator and pool belt 
may be any shape, for example, square, rectangular, or circular. A thermo- 
syphon is also provided that can be vertically oriented and rotated in a verti- 

15 cal plane such that its edges form an angle with the horizontal plane. 

An enhanced-cooling electronic component is also provided in accor- 
dance with the present invention. This component includes a heat- 
dissipating element, such as a semiconductor chip, a casing in which the 
element is disposed, and a thermosyphon in accordance with the present in- 

20 vention. A method for cooling a heat-dissipating element is provided that in- 
cludes using a thermosyphon according to the present invention and placing 
the thermosyphon in contact with the heat-dissipating element. 

The present invention features use of the latent heat of vaporization of 
the liquid coolant to provide very high thermal conductivity. The central 

25 evaporator and peripheral condenser are symmetric about a central plane, 
leading to independence of orientation of the thermosyphon heat spreader. 
Liquid coolant volume is optimized to keep the evaporator substantially full or 
full at all orientations and yet provide a void in the condenser that allows ac- 
cumulation of vapor as the coolant evaporates. A boiling enhancement 
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structure encourages nucleation of vapor bubbles by providing re-entrant 
cavities. 

The foregoing and other features and advantages of the present in- 
vention will become more apparent in light of the following detailed descrip- 
5 tion of some embodiments thereof, as illustrated in the accompanying 
figures. As will be realized, the invention is capable of modifications in vari- 
ous respects, all without departing from the invention. Accordingly, the 
drawings and the description are to be regarded as illustrative in nature, and 
not as restrictive. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an exploded perspective view of a thermosyphon according 
to the present invention. 

FIG. 2 is schematic top plan view of condenser and evaporator por- 
1 5 tions of the thermosyphon of FIG. 1 . 

FIG. 3 is a schematic section view of condenser and evaporator por- 
tions of the thermosyphon of FIG. 2 taken along line 3—3, with the thermo- 
syphon oriented horizontally and mounted to an electronic circuit component 
located beneath it. 

20 FIG. 4 is a perspective view of a boiling enhancement structure of the 

thermosyphon of FIG. 1. 

FIG. 5 is a perspective view of another embodiment of a boiling en- 
hancement structure of the thermosyphon of FIG. 1 . 

FIG. 6 is a schematic section view of condenser and evaporator por- 
25 tions of the thermosyphon of FIG. 3 taken along line 6—6, with the thermo- 
syphon oriented vertically. 

FIG. 7 is a schematic section view of condenser and evaporator por- 
tions of the thermosyphon of FIG. 6 taken along line 7—7, with the thermo- 
syphon oriented vertically and mounted to an electronic circuit component. 
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FIG. 8 is a schematic section view of condenser and evaporator por- 
tions of the thermosyphon of FIG. 2 taken along line 3 — 3, with the thermo- 
syphon oriented horizontally and mounted to an electronic circuit component 
located above it. 

5 FIGS. 9 through 12 are schematic section views of condenser and 

evaporator portions of the thermosyphon of FIG. 3 taken along line 6 — 6, with 
the thermosyphon oriented vertically and with the edges of the condenser 
and evaporator portions at various angles away from horizontal. 

FIG. 13 is a schematic section view of condenser and evaporator por- 
10 tions of the thermosyphon of FIG. 12 taken along line 13—13, with the ther- 
mosyphon oriented vertically and mounted to an electronic circuit component 

FIGS. 14 and 15 are section views of condenser and evaporator por- 
tions of other embodiments of vertically oriented thermosyphons according to 
the present invention. 
15 FIGS. 16, 17 and 18 are perspective views of other thermosyphons 

according to the present invention. 

FIG. 19 is a graph of junction temperature as a function of heat flux for 
a modeled heat spreader and experimental results for a thermosyphon ac- 
cording to the present invention, similar to that shown in FIG. 1 . 

20 

DETAILED DESCRIPTION 

FIG. 1 illustrates a flat, thin, orientation-independent thermosyphon 
heat spreader 20 according to the present invention. The thermosyphon 20 
comprises a base plate 22 and a cover plate 24. The base plate 22 and 
25 cover plate 24 mate, causing recessed areas in the plates to define a phase- 
change heat transfer system 26, including a central evaporator region 28 in 
hydraulic communication with a peripheral condenser region 30. The con- 
denser region 30 is referred to as a pool belt. Means for cooling the pool belt 
30 are provided in the present embodiment by cooling fins 32. The evapo- 
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rator 28 preferably includes a boiling enhancement structure 34. Liquid cool- 
ant, not shown, at least partially fills the evaporator 28 and pool belt 30, and 
an elastomeric gasket, placed in the groove 35 around the periphery of the 
pool belt, imperviously seals the connection between the base and cover 
5 plates 22, 24. 

The material selection for the base and cover plates 22, 24 depends 
on application requirements for ease of fabrication and service reliability. 
Aluminum may be desirable if used with inert liquid coolants and at relatively 
low temperatures because of its ease of machinability and lower density 

10 compared to other metals. However, corrosion concerns make aluminum an 
inappropriate choice if water is the liquid coolant and the temperature is not 
low. Materials with better thermal properties, like copper, can be used to 
make the plates 22, 24, and other metals may be used as selected by some- 
one of ordinary skill in the art. In addition, metal matrix composites such as 

15 aluminum silicon carbide (AlSiC) may be used if the residual stresses be- 
tween the plate material and a silicon-based substrate that is the adjacent 
electronic circuit component, resulting from the mismatch in the coefficient of 
thermal expansion, are a concern. 

The base plate 22 and cover plate 24 are substantially planar in ge- 

20 ometry. Each plate 22, 24 has a first major surface and a second major sur- 
face. The major surfaces coincide with the substantially planar geometry of 
the plates 22, 24, and are the largest faces of the plates 22, 24. Although the 
terms "base" and "cover" are sometimes used with reference to orientation 
such as "bottom" and "top," the use of the terms "base" and "cover" herein 

25 should not be considered to restrict orientation. Rather, the "base" plate 22 
is merely the plate that is proximate to a component to be cooled, and the 
"cover" plate 24 opposes and is spaced from the base plate 22. In addition, 
the evaporator 28 may be formed from a first and a second plate, that may or 
may not be portions of a respective unitary base plate 22 or cover plate 24. 
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The limits of the evaporator 28, pool belt 30, and boiling enhancement 
structure 34 in the phase-change heat transfer system 26 of the thermosy- 
phon 20 according to the present invention are schematically illustrated in 
FIGS. 2 and 3. For simplicity of description, the shape of each of these fea- 
5 tures in top (plan) view (FIG. 2), i.e. the planar shape, is square and in cross- 
section (FIG. 3) is rectangular, and the dimensions are not to scale, but the 
features may be any shape as desired to suit a particular application or 
manufacturing advantage. Again for simplicity, only the interior surfaces, i.e. 
walls 36, of the heat transfer system 26 of the thermosyphon 20 are shown. 

10 In the horizontal position shown in FIG. 3, the liquid coolant 38 preferably fills 
the evaporator 28 and partially fills the pool belt, leaving a void 40. 

For indirect liquid cooling the evaporator 28 is mounted directly to an 
electronic circuit component, or electronics package 42. The contact be- 
tween the base plate 22 and the electronics package 42 is made on a free 

15 major surface 44 of the electronics package. This free major surface 44 is a 
surface of the electronics package 42 that is, prior to mounting of the ther- 
mosyphon 20, unattached, generally planar, and frequently a portion of the 
electronics package with the largest surface area. In this embodiment, the 
base plate 22 and cover plate 24 can be identical. Alternatively, to provide 

20 direct liquid cooling of the electronics package 42, the electronics package 
can be integrated into the base plate 22, immersing the electronics package 
in the coolant 38. Such integration may be done by sealing a base plate 22 
that has an opening in it to the electronics package 42, by fabricating the 
base plate and electronics package from one piece of material, or by other 

25 means known to someone of ordinary skill in the art. 

A variety of working fluid liquid coolants 38 can be used based on 
several factors including, but not limited to, boiling or evaporation tempera- 
ture, chemical compatibility with the components of the evaporator unit in 
case of indirect liquid cooling and with the electronic package in case of im- 
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mersion cooling, chemical stability, toxicity and cost. Coolants that are pre- 
ferred for use with the invention include ethyl alcohol and fluorochemicals, 
such as FLUORINERT™ (FLUORINERT is a trademark of and is manufac- 
tured by the Minnesota Mining and Manufacturing Company, St. Paul, Min- 
5 nesota). 

The system 26 is preferably purged of residual gasses to improve heat 
transfer performance. The void 40 is evacuated in advance of using the 
thermosyphon 20 in order to reduce pressure and eliminate resistance to the 
liquid-to-vapor phase change. The presence of residual gasses not only de- 
1 0 teriorates the heat transfer characteristics of the system, but in the case of 
FLUORINERT™ liquids, residual gasses also change the properties of the 
coolant. Also, sub-atmospheric pressures ensure removal of heat at high 
heat fluxes while maintaining low surface temperatures on the walls of the 
pool belt 30. 

15 In the Figures herein, unique features receive unique numbers, while 

features that are the same in more than one drawing receive the same num- 
bers throughout. Where a feature is modified between figures, a letter is 
added or changed after the feature number to distinguish that feature from a 
similar feature in a previous figure. 

20 The boiling enhancement structure 34 is a porous component that 

provides re-entrant cavities 46. One such structure 34a is illustrated in FIG. 
4. Re-entrant cavities 46 have the characteristic ability to entrap vapors, 
thereby becoming active nucleation sites for the formation of vapor. For ex- 
ample, a single layer structure 34a is made from a square plate with parallel 

25 rectangular channels that define the re-entrant cavities 46, preferably cut to 
more than half the thickness of the layer from major surfaces 47,48 on each 
side of the plate. These channels intersect to form square cavities 46, which 
in turn act as sites for vapor bubble nucleation. The heat transfer perform- 
ance of the thermosyphon system depends on optimizing the channel width 
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Wq and pitch Pc of the porous inicrostructures employed. Maximizing heat 
dissipation, in turn, depends on selection of the working fluid 38. In an indi- 
rect liquid cooling configuration, the boiling enhancement structure is at- 
tached to the center of the evaporator section of the thermosyphon plate. 
5 Good thermal contact between the porous enhancement structure 34a and 
the evaporator 28 may be achieved through the use of a thin paste of solder 
or high thermal conductive epoxy. In a direct immersion cooling configura- 
tion, the enhancement structure 34 is directly attached on the passive side of 
the electronics package 42 die surface, eliminating the contact resistance in- 

10 herent when there is heat transfer across adjacent mating surfaces. 

Boiling enhancement structures 34a with channels may be made from 
a variety of materials such as copper, diamond, silicon, or other as selected 
by someone of ordinary skill in the art, and may be a variety of shapes. The 
micro-channels may be made by techniques such as wet-chemical etching, 

1 5 laser milling, or wafer dicing, or other known processes. 

The width Wq and pitch Pc are determined by thermal considerations 
as well as convenience in assembling multilayer enhancement devices 346, 
as shown in FIG. 5. Thermal considerations require an analysis of benefits 
and costs related to performance. As the pitch Pc increases, heat conduc- 

20 tion paths in solid parts become wider and thereby conduct more heat from 
the device base to the end, while at the same time the number of channels 
on a fixed device footprint area decreases, reducing the area available for 
heat transfer. As illustrated in FIG. 5, the boiling enhancement structure can 
be made of stacked single layers 34a to make the multiple layer structure 

25 34b. Assembly requires securing sufficient interfacial areas to stack and 
bond component plates. In operation, the structural integrity of the device 
34b depends on the bonding strength, which also relies on the interfacial 
area. Experiments have been carried out on the enhancement structures 
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34a, 34b for channel widths W c ranging from 40 - 320 jam and pitches Pc 
from 0.5 - 3.0 mm. 

As an alternative to this type of micro-channel structure 34a, 346, 
commercially available open-celled porous foam may also be used to make 
5 the structure 34. Examples of suitable foams include DUOCEL® aluminum 
and silicon carbide foams from ERG Materials and Aerospace Corporation of 
Oakland, California (DUOCEL is a registered trademark of Energy Research 
and Generation, Inc. of Oakland, California) and INCOFOAM® nickel foam 
from Inco Limited of Toronto, Canada (INCOFOAM is a registered trademark 
10 of Inco Limited). 

Optimizing design of the system 26 depends on one factor in particu- 
lar: For any given orientation, the evaporator 28 should be substantially full of 
liquid coolant 38. As shown in FIG. 3, the pool belt 30 has a greater height, 
Hb, than that of the evaporator 28, He. In a horizontal orientation, again as 
15 shown in FIG. 3, the depth D of the coolant 38 is preferably at least approxi- 
mately {H B + H E )/2. 

Each different shape of phase-change heat transfer system 26 will 
have an orientation on which the design needs to be based. For a square 
planar shape such as the geometry shown in FIGS. 2 and 3, the requirement 
20 of keeping the evaporator substantially full determines the dimensions of the 
evaporator 28, H E and L E , and the pool belt 30, H B and L B . 

To keep the evaporator 28 completely full in the vertical orientation 
shown in FIGS. 6 and 7, and as a result, at least substantially full in all ori- 
entations, with the coolant depth approximately equal to (H B + H E )I2 when in 
25 a horizontal orientation, the dimensions of the system 26 must approximately 
satisfy the following equation: 

H 6 /H E =2(1 +L B tL E ). 
Conformance to this equation also provides a completely full evapo- 
rator in either horizontal orientation, as shown in FIGS, 3 and 8, regardless of 
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which of the base plate 22 or cover plate 24 is on top. Where the term "ap- 
proximately satisfy" or the like is used herein, it means that the referenced 
equation need not be exactly true, but requires only that the values calcu- 
lated on each side of the equation provide a thermosyphon that performs in 
5 the spirit of the present invention. Where the term "substantially full" or the 
like is used herein to describe the evaporator, it means that the evaporator 
volume, i.e. the volume defined by the plates forming the evaporator, con- 
tains a quantity of liquid coolant adequate to provide a thermosyphon that 
performs in the spirit of the present invention, and includes a range of coolant 

10 quantities equal to or less than a completely full evaporator. 

FIG. 8 schematically illustrates a system 26 that conforms to this 
equation, and has a completely full evaporator 28 when oriented as shown, 
rotated 180 degrees from the orientation shown in FIG. 3. The pool belt 30 
must be vertically symmetric about the evaporator 28 to achieve this result 

1 5 when the coolant level approximately conforms to the (H B + H E )/2 criterion in 
the horizontal orientation. An asymmetric pool belt 30 can result in a system 
26 that has a substantially full evaporator 28 only in certain orientations. For 
example, the evaporator 28 may be substantially full from a horizontal orien- 
tation through rotation to a vertical orientation, but past that vertical orienta- 

20 tion the evaporator may not be substantially full. Such a thermosyphon may 
be designed in accordance with the present invention by one of ordinary skill 
in the art. 

FIG. 9 shows a square-shaped system 26 that is oriented with the lim- 
its of the evaporator 28 and condenser 30 at an angle 0* to horizontal. The 
25 angle 0* is fixed by the dimensions of the system 26 and is given by the fol- 
lowing equation: 



f L ^ 

^B 
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When the system 26 is in a vertical orientation and is tipped to an angle of <9*, 
the surface of the coolant is at the uppermost point of the evaporator 28 and 
at the second highest corner 49 of the condenser 30. The dimensions of the 
square system 26 may be modified to provide a filled evaporator for any 
5 given angle 0, depending on whether 6 is less than or greater than as 
shown in FIGS. 10 and 11. 

In FIG. 10, the system 26 is at an angle 5 that is greater than 0 de- 
grees and less than or equal to 0*. In FIG. 1 1 , the system 26 is at an angle 0 
that is greater than or equal to 0* and less than or equal to 45 degrees. 
10 Approximately satisfying the condition of a coolant 38 depth of (He + H E )/2 
when in the horizontal orientation and the following equations when in rotated 
vertical orientations (as shown in FIGS. 10 and 11) provides a full evaporator 
for a given angle 6. 



FIGS. 12 and 13 show a square system 26 that is vertically oriented 
and rotated to where 9 is 45 degrees. At relatively larger angles 0, depend- 
ing on the application and the possibility of other orientations, such as other 
25 angles 0 or horizontal orientations for example, the volume of coolant 38 can 



For §<6<9* (FIG. 10): 




tan# 



For £*<#<45°(FIG. 11): 



20 




DUR1\282886_3 



-14- 



Attorney Docket No. 361007-000012 



become excessive, and inhibit performance of the system 26 because of an 
inadequate void volume 40. The appropiate volume of coolant 38 can be 
determined by one of ordinary skill in the art based on use of the above 
equations, the application, and possible orientations of the system 26. 
5 Any other planar shape, in addition to square, may be used for the 

evaporator 28 and pool belt 30 limits, and the respective shapes may differ 
within one embodiment FIGS. 14 and 15, respectively, show rectangular 
and circular planar-shaped embodiments of phase-change heat transfer 
systems 26a, 26j£>. Schematic cross-sections for the rectangular and circular 

10 embodiments shown in FIGS. 14 and 15 look similar to those shown in FIGS. 
3 and 8. Likewise, different shapes may be used for the boiling enhance- 
ment structure 34. 

The rectangular phase-change heat transfer system 26a shown in 
FIG. 14 should conform to the following equation to have a substantially full 

1 5 evaporator in all orientations: 

Hb/He=(2L b + Le+W e )/ L e 
It should be understood that the thermosyphon 20 of the present in- 
vention can function both with the evaporator 28 being less than full or with 
the system 26 holding liquid coolant 38 in excess of the preferred amount. 

20 To be sure that the system 26, 26a functions to nearly full capability at all ori- 
entations, however, it is desirable to conform to the design criteria described 
above. This design also results in the evaporator 28a being completely full in 
both horizontal orientations as well as vertical orientation, as shown in FIGS. 
3, 6 and 8. The round system 266 shown in FIG. 15 having a coolant 38 

25 depth of (He + H E )/2 when in a horizontal orientation and dimensions that ap- 
proximately satisfy the following equations provides a completely full evapo- 
rator in all orientations: 
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2 



<p =cos" 



v r b; 



2^ 




where R E is the radius of the evaporator, R B is the radius of the pool belt 30b, 
and <j) is the angle formed between vertical and a pool belt radius line when 
the outer end of the pool belt radius line and the coolant 38 meet at the outer 

5 limit of the condenser 30/3 and the coolant 38 completely fills the vertically 
oriented evaporator 28b. 

If the evaporator 28 is not full at a vertical orientation, at that vertical 
orientation there will not be coolant 38 in contact with the entire evaporator 
base plate 22, and the heat flux to the coolant 38 will be reduced. If at an 

10 orientation that is 180 degrees from that in FIG. 3, as illustrated in FIG. 8, the 
evaporator 28 is not full, the base plate 22 will not contact the coolant 38 at 
all. It is also desirable not to overfill the system 26. A liquid coolant 38 
charge larger than required by the formulas described above guarantees fill- 
ing of the evaporator in horizontal as well as vertical orientations. However, 

15 a designer must take into account the fact that the volume of two-phase 
mixture increases due to expansion when the device 20 is in operation. 
Hence, overfill of the system 26 would result in less space available for the 
vapors to condense and would increase pressure in the system 26, which 
could impact performance. 

20 The saturation temperature of the coolant 38 depends on the system 

26 pressure. Overfilling the system 26 would in effect, therefore, change the 
saturation temperature of the coolant 38 and in turn affect the system per- 
formance. The mass of the working fluid 38 at the time of charging the sys- 
tem 26 depends both on heat transfer performance considerations and the 

25 structural integrity of the thermosyphon 20. In addition to the heat transfer 
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performance of the boiling enhancement device 34 in the evaporator 38 and 
that of the condenser 30 walls, the appropriate mass of working fluid 38 also 
depends on the heat transfer performance of the air-cooled surface or alter- 
native heat sinks, the operating temperature of the heat source, and the al- 
5 lowable internal pressure in the thermosyphon 20. These parameters require 
evaluation for each application and design, and may be determined by one of 
ordinary skill in the art. 

The cooling of the pool belt 30 in order to condense the vapor of the 
liquid coolant 38 can be performed in any one of a variety of ways that are 

10 know in the art. For example, the cooling fins 32 of FIG. 1 could be made 
hollow to communicate with the interior of the pool belt 30. This would in- 
crease the amount of surface area presented to the coolant 38 vapor within 
the pool belt 30, and in turn increase the heat transfer from the vapor to the 
pool belt. Another embodiment of the thermosyphon 20a according to the 

15 present invention is shown in FIG. 16. This embodiment includes a water- 
cooled jacket 50. The cover plate 24a initially has two openings, not shown 
in the Figures, that respectively provide hydraulic connections to a vacuum 
pump line to evacuate the system 26 and to a supply line for filling the sys- 
tem with coolant 38. These openings are closed after the system 26 is 

20 charged with coolant 38 and evacuated. A permanent opening 52 in the 

cover plate 24a provides a hydraulic connection to a water supply line 56 that 
provides water to the cooling jacket 50. The base plate 22 has an opening 
54 providing a hydraulic connection to a discharge line 58 that carries away 
the cooling water from the jacket 50. This thermosyphon 20a is referred to 

25 as an indirect, liquid-cooled thermosyphon because the working fluid 38 is 
not in direct contact with the heat source and the phase-change heat transfer 
system 26 is cooled with liquid. 

Another thermosyphon 20b according to the present invention and 
having a water-cooled jacket 50 is shown in FIG. 17. This embodiment 20b 



DUR1\282386 3 



Attorney Docket No. 361007-000012 



is shown with an opening 60 in the base plate 22b to accommodate a boiling 
enhancement structure 34 that is attached directly to a semiconductor chip 
package, shown as a Pin Grid Array (PGA) package 42a. The package 42a 
is one of many electronic components known to those of ordinary skill in the 
5 art that may be used with the present invention, and includes a semiconduc- 
tor chip 62 and casing 64. The opening 60 brings the liquid in direct contact 
with the PGA package 42a, and is therefore referred to as a direct, liquid- 
cooled thermosyphon. A seal, such as an elastomeric or other type of seal 
placed in a groove 66 in the PGA package 42a, is provided between the 

1 0 mating surfaces of the PGA package 42a and the bottom plate 22b, as 
known to one of ordinary skill in the art. 

Another water-cooled thermosyphon 20c according to the present in- 
vention is shown in FIG. 18. The heat sink in this thermosyphon 20c com- 
prises fins 32c that are integral to and extend from the free surface of the 

1 5 cover plate 24c. The cover plate 24c and fins 32c may be made from one 
piece of material, or from more than one piece of material and attached to 
each other by means known to one of ordinary skill in the art. 

For experimental evaluation, a prototype of the thermosyphon ac- 
cording to the present invention similar to that shown in FIG. 1 was con- 

20 structed from aluminum with fifty-two straight rectangular fins cut along the 
sides. The prototype comprised two plates of 2.25-mm thickness and had a 
square evaporator section of 30-mm length (L E ) in the middle. The thickness 
of the pool belt was 5 mm (Lb), making the outer limit of the pool belt 40 mm 
by 40 mm. The height of the pool belt (Hb) was 3.5 mm and the height of the 

25 evaporator (He) was 1 .5 mm. The fins had a length of 16.5 mm and were cut 
out along the sides of each plate to help in heat rejection to ambient air. The 
two plates along with the peripheral fins resulted in an 89.5-mm by 89.5-mm 
by 4.5-mm thermosyphon. A 14-mm by 14-mm thermal test die package was 
used to simulate the chip heating conditions by controlling the temperature of 
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the test package in contact with the thermosyphon. FIG. 19 compares the 
experimental performance of the thermosyphon with modeling results per- 
formed for a flat aluminum plate having modeled fins and the same outside 
dimensions as the prototype. A commercially available finite element soft- 
5 ware package was used for the model. The heat transfer and condenser 
boundary conditions of the thermosyphon experiment were replicated in the 
model. Natural convection correlations were used to specify the heat trans- 
fer coefficients on the upward facing surface of the modeled aluminum plate 
and along the fin surfaces at the plate edges. The heat source condition was 

10 simulated in the model by applying a uniform heat flux at the bottom along an 
area equal to the chip size. The remaining area along the bottom was mod- 
eled to be adiabatic. 

A maximum heat flux of 6.3 W/cm 2 was achieved with the prototype 
thermosyphon under natural air-cooled conditions, with the junction tem- 

1 5 perature, which was taken as the average of the temperature measured by 
two thermistors embedded in the die, at 74.6° C. At the maximum heat flux, 
the junction temperature with the prototype thermosyphon was found to be 
47.6° C less than the junction temperature for an identical thickness modeled 
aluminum heat spreader. The junction temperature for the modeled alumi- 

20 num spreader was taken to be the average temperature of the evaporator 
model. This is comparable to the performance of conventional, orientation- 
dependent thermosyphons that are commonly much thicker, and well ex- 
ceeds the performance of conventional heat spreaders. When manufactured 
on the small scale required for cooling of individual semiconductor chips and 

25 other electronic packages, a microchannel boiling enhancement device im- 
proves performance both by facilitating boiling and by drawing the working 
fluid deep into the thin space of the evaporator. 

The thermosyphon according to the present invention offers significant 
advantages over known heat pipe technology. This thermosyphon exploits 
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gravity to maintain working fluid circulation. Although there is a certain limit 
to the heat removal capability even in gravity-assisted heat removal systems, 
such limits are usually higher than the capillary limit of heat pipes by about 
an order of magnitude. High heat removal capability is derived from ample 
5 supply of liquid to the evaporator. Although the present invention relies on 
gravity for working fluid circulation, the geometrical design of the enclosure 
results in orientation independence, unavailable in conventional thermosy- 
phons. 

Specific embodiments of the present invention are described above 
10 that provide enhanced cooling of electronic circuit components. One of ordi- 
nary skill in the heat transfer and electrical arts will quickly recognize that the 
invention has other applications in other environments. In fact, many em- 
bodiments and implementations are possible. For example, the shapes, 
sizes, and configurations of the thermosyphon heat spreader may be varied 
15 from those discussed without departing from the scope of the present inven- 
tion. The following claims are in no way intended to limit the scope of the in- 
vention to the specific embodiments described. 
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